We present an approach for controlling quantum coherences in condensed matter by interaction with a nonresonant optical control field. Coherent intersubband (IS) excitations of electrons in GaAs/AlGaAs quantum wells are manipulated by a strong nonresonant terahertz (THz) field as demonstrated by phase-resolved two-color two-dimensional spectroscopy. In the linear regime of IS response, we observe a THz-induced enhancement of the midinfrared (MIR) IS absorption and a dispersive perturbed free induction decay caused by a THz-induced blueshift of the IS polarization. In the regime of IS Rabi oscillations, the THz field causes pronounced phase shifts of the coherently emitted MIR field, while the IS Rabi frequency remains unaffected. Such behavior is accounted for by a full solution of the Maxwell-Bloch equations, treating the THz and MIR fields without approximations. Our control scheme paves the way for THz control of IS emitters and holds potential for an extension to other systems.
I. INTRODUCTION
Quantum coherences induced by optical excitation have developed into a vibrant research area of condensed matter physics. In the most elementary approach, resonant interaction of a light field with a transition dipole locks the quantum phases of the optically coupled states and induces a coherent macroscopic polarization of matter. Within a time interval limited by the dephasing time, this polarization can be manipulated by repetitive interactions with the light field, allowing for "coherent control" of the material's excitation [1, 2] . In condensed matter systems, decoherence of optical polarizations typically occurs on ultrafast time scales and limits the time range accessible for coherent control to a few picoseconds at most.
The controlled shaping of optical pulses in the femtosecond time domain has led to demonstrations of coherent control in a large variety of systems. In first experiments, a pair of phaselocked pulses interacting resonantly with the medium was used to coherently control charge oscillations and excitonic polarizations [3] [4] [5] . More sophisticated schemes of exciting one-and two-photon transitions phase coherently [6] or spatiotemporal coherent control of photoelectron emission on a subwavelength scale [7] or of phonons [8] have widened the range of applications. In photochemistry, control of the outcome of photoreactions has first been demonstrated in the gas phase [9, 10] , followed by work on steering molecular dynamics in the liquid phase [11, 12] . Here, adaptive learning algorithms [10, 13] have been applied for optimizing the yield of particular species generated by the photochemical reaction. The concept of adiabatic passage introduces typically pulses of more than one color in the experiment and exploits also slightly off-resonant light-matter interactions [14, 15] .
So far, nearly all experimental schemes for coherent control have concentrated on a manipulation of the system * reimann@mbi-berlin.de † woerner@mbi-berlin.de under conditions of resonant excitation, i.e., a sequence of pulses interacts with single-and/or multiphoton resonances. In contrast, the application of distinctly off-resonant electric field transients for controlling resonant optical excitations has remained scarce [16] . The latter scheme requires a high amplitude of the off-resonant field with frequency ν to make the interaction energy with the system comparable to the transition energy of the optical resonance. According to the dressed-state picture developed by Autler and Townes [17, 18] , one has to consider not just the electronic states alone, but combined states of electron and light, e.g., the state consisting of the electron in level 1 and one photon with energy hν, |n = 1,1hν [ Fig. 1(a) ]. Because of the interaction with the electric field, the states |n = 1,1hν and |n = 2,0hν repel each other [arrows in Fig. 1(a) ], leading to a blueshift of the transition frequency for ν < ν 0 and to a redshift for ν > ν 0 (ν 0 is the unperturbed transition frequency between states n = 1 and n = 2). The magnitude of the shift is proportional to (d 0 E) 2 , with d 0 the electric dipole moment for the transition and E the amplitude of the off-resonant electric field.
While the Autler-Townes treatment focuses on the timeaveraged behavior of a two-level system in an external offresonant field, off-resonant control requires insight into the dynamics of coherent interactions. Here, techniques of fieldresolved detection of optical transients hold particularly strong potential for mapping the system's response in amplitude and phase. In this work, we demonstrate and analyze a scheme for coherently controlling resonant optical excitations by strong off-resonant electric fields in the THz frequency range. As a model system, we study optical transitions between different confined subbands in low-dimensional semiconductors which are fundamental elementary excitations of free electrons [19] . Such intersubband (IS) excitations represent sensitive probes of the complex many-body and scattering behavior of electrons and have been studied by both experiment and theory [20] [21] [22] [23] [24] . Moreover, optoelectronic devices such as quantum cascade lasers [25] [26] [27] and infrared detectors [28] rely on IS transitions. (Color online) (a) Energies of a two-level system exposed to a strong nonresonant driving field E as a function of the normalized interaction energy |d 0 E/ hν 0 |, on the left for ν < ν 0 and on the right for ν > ν 0 . In the dressed-state picture the repulsion (arrows) of the state |n = 2,0hν from the state |n = 1,1hν leads for ν < ν 0 to a blueshift and for ν > ν 0 to a redshift of the optical transition. Dynamics of IS excitations are inherently ultrafast with decoherence times of several hundreds of femtoseconds [29] and picosecond population lifetimes of electrons in higher subbands. Nevertheless, IS Rabi oscillations [30] have been induced by resonant femtosecond electric field transients and read out using the field radiated from the coherent IS polarization [23] . In our present study, the nonresonant THz field manipulates linear and nonlinear IS polarizations. The THz field induces well-defined phase shifts in the coherent IS emission while the IS Rabi frequency, a measure of the coupling between the IS dipole and the midinfrared (MIR) field, remains unaffected by the control field. The data are analyzed within the framework of a dressed state picture accounting for the experimental results. Apart from its fundamental relevance for the nonlinear IS response, this two-color scenario is of high interest for all-optical control.
II. EXPERIMENT

A. Sample geometry
The sample was grown by molecular beam epitaxy on an insulating GaAs substrate. It contains 20 GaAs QWs of L = 11 nm width, separated by 20 nm wide Al 0.35 Ga 0.65 As barriers. The barriers are δ doped to achieve an electron concentration of 5 × 10 11 cm −2 per QW. As the thickness of the QW stack is small compared to both THz and MIR wavelengths, all QWs experience a similar electric field [31] . The 1 → 2 IS absorption [solid line in Fig. 2(d) ] has a frequency of ν 0 = 21 THz. The observed width of 2.4 THz is limited by the spectral resolution of the spectrometer used. To achieve sufficient coupling between the MIR field and the IS transition dipole oriented along the growth direction z, the sample is polished as a 90
• prism [32, 33] . Half of the bottom surface of the prism is gold coated to generate a standing wave [34] with a total field in z direction [ Fig. 2 z component of the total field and thus the interaction with the IS dipoles vanishes.
B. Time-resolved experiments
Synchronized THz and MIR pulses are generated with a Ti:sapphire oscillator-amplifier system by difference frequency mixing. The spectrum of the THz pulses has a FWHM of 0.9 THz and a center frequency of 1.2 THz, nonresonant to the IS transition. The peak amplitude of the THz pulses is 30 kV/cm. The MIR pulses of 150 fs duration have amplitudes between 3 and 100 kV/cm. The MIR pulses are centered at the IS transition frequency and have a spectral width of 6 THz (FWHM). Both MIR and THz pulses are focused onto the sample kept at a temperature of 30 K.
In a first series of THz-pump-MIR-probe measurements, changes in the MIR transmission through the sample are measured as a function of the delay between the THz and MIR pulses using a time-integrating HgCdTe detector. The transient presented in Fig. 2 (a) shows the change of MIR transmission T /T 0 = (T − T 0 )/T 0 as a function of pump-probe delay (T , T 0 : sample transmission with and without THz pump). For a low MIR electric field amplitude of 3 kV/cm, we observe a transmission decrease during the temporal pulse overlap, followed by a transmission increase, which decays with a time constant of 1 ns [35] [36] [37] . The signal during pulse overlap is proportional to the square of the THz electric field (dashed line), convoluted with the finite width of the MIR pulse. For higher MIR amplitudes, this signal decreases, while the time evolution of T /T 0 remains unchanged.
For a more detailed insight, we implemented two-color 2D spectroscopy by measuring the THz and MIR fields transmitted through the sample as a function of both τ , the delay between the two pulses, and the real time t. A phase-resolved detection scheme based on electrooptic sampling [38, 39] included a 10 μm thick (110) ZnTe crystal and 13 fs probe pulses from the oscillator of the Ti:sapphire laser system. Using choppers synchronized to the amplifier repetition rate, we created three different pulse sequences: THz pulse alone, MIR pulse alone, and both pulses together [40, 41] .
In a first set of phase-resolved measurements, we determined the nonlinear IS response in the MIR by detecting the emitted field E em (t) without applying a THz field. To separate the IS response from other effects such as reflections at the prism surfaces or dispersion in the substrate, we measure the transmitted electric field at a position with gold coating [E gold tr (t)] and at a position without [E no tr (t)]. Since the IS response contributes only to E gold tr (t), the sum E em (t) = E gold tr (t) + E no tr (t) gives the field emitted by the IS polarization [42] .
The field responsible for exciting the IS polarization is the local electric MIR field E lo (t) acting on the QWs, i.e., the field component normal to the QWs. The prism geometry with a gold coating used here [ Fig. 2(b) ; see also Fig. 3(b) of Ref. [24] ] leads to an enhanced local field E lo (t) = α[E gold tr (t) − E no tr (t)] because of the constructive interference with the waves reflected off the gold mirror [43] . The constant α is determined by the Fresnel coefficient at the prism surface and by the angle of incidence onto the QWs. In our geometry α = 0.43. Figures 3(a)-3(c) show the local driving [31] MIR field E lo (t) (dashed lines) and E em (t) (solid lines) for MIR field amplitudes corresponding to pulse areas of approximately 1π , 2π , and 3π . The transients exhibit clear signatures of IS Rabi oscillations [23] as evident from the phase shifts between E em (t) and E lo (t) [Figs. 3(g)-3(i)]. For the 1π pulse we find an essentially constant phase shift of ≈1π corresponding to an absorptive IS response. For the 2π pulse, the phase shift changes from ≈1π to ≈0, demonstrating a change from absorption to gain. For the 3π pulse, the IS response becomes absorptive again, leading to two consecutive changes of the phase shift.
Time-domain results of the two-color 2D experiments are summarized in Fig. 4 . In Figs. 4(a) and 4(c) , the phase-resolved MIR and THz electric fields E MIR+THz (t,τ ) transmitted through the sample are plotted as a function of real time t and delay τ for two MIR amplitudes. The τ -independent MIR field has vertical and the τ -dependent THz field diagonal phase fronts. 
, where E MIR and E THz are the transmitted fields when only one of the pulses (MIR or THz) interacts with the sample. This nonlinear signal represents the total nonlinear response up to arbitrary order in the incident fields. For a low MIR amplitude [ Fig. 4(b) ], the nonlinear signal occurs at negative values of τ and mainly after the MIR pulse at long t, giving evidence of a perturbed free induction decay (PFID) [44] . At high MIR amplitudes [ Fig. 4(d) ], the signal is present only during the temporal pulse overlap.
To separate the different nonlinear contributions, we derive the frequency-domain signal E NL (ν t ,ν τ ) as a function of ν t and ν τ by a two-dimensional Fourier transform [40, 41] . As shown in Fig. 4(e) , only a THz-pump-MIR-probe signal E NL at the frequency position (ν t = ν 0 ,ν τ = 0) is present, while MIR-pump-THz-probe and four-wave-mixing signals are absent. For a higher signal-to-noise ratio, E NL (ν t ,ν τ ) is filtered to keep only the THz-pump-MIR-probe component and then back transformed to the time domain.
A representative PFID transient at τ = 0 measured at a low MIR field amplitude is shown in Fig. 2(e) , demonstrating the slow IS polarization decay of T decay = 0.63 ps in our sample at low temperatures. By back transforming E NL (ν t ,ν τ ) only along τ we obtain the spectrally resolved E NL (ν t ,τ ). The quantity |E NL (ν t ,τ )| 2 corresponds to the spectrally resolved intensity radiated by the IS polarization for a delay τ [dashed line in Fig. 2(d) ]. For a small MIR amplitude, this quantity is independent of τ . The line position agrees well with the IS absorption spectrum [solid line in Fig. 2(d) ], but the linewidth is much narrower (0.5 THz) because of the better spectral resolution. We also derive the spectrally resolved pump-probe signals E NL (ν t ,τ ) · E * 
III. DISCUSSION
In this section, we discuss the physical mechanisms governing the observed linear and nonlinear IS response in presence of the nonresonant THz field. For a first qualitative insight into the general behavior, dynamical frequency shifts of a two-level system are considered in the Autler-Townes approach. Figure 1(b) shows a schematic sequence of a resonant MIR pulse and a THz half-cycle pulse delayed by 0.4 ps. Figure 1(c) shows the electric field transient emitted by the coherent polarization generated by the resonant MIR pulse in the regime of a linear MIR response. At exact resonance, the emitted field has a phase opposite to the driving field, corresponding to absorption. The amplitude of the emission decays exponentially with the dephasing time T 2 . For a sufficiently long T 2 , the delayed THz half cycle at t = 0.4 ps causes an blueshift of the transition frequency resulting in a phase shift of the emitted field after the THz pulse [ Fig. 1(c) ]. It is important to note that the amplitude of the coherent polarization is not affected by the interaction with the off-resonant pulse, i.e., exclusively the phase of the optical excitation is manipulated but not the energy content in the quantum mechanical system. As will be discussed below, similar phase shifts are observed in the regime of a distinctly nonlinear IS response.
A. Influence of a THz field on intersubband Rabi oscillations
We now address the observed nonlinear IS response. The THz pulse generates an energy gradient along the z direction superimposed on the QW confinement potential (left of Fig. 3) . For a field amplitude of 30 kV/cm and a QW width L = 11 nm, the energy difference over L is 33 meV, corresponding to roughly 10% of the total electron confinement energy. In this new confinement potential, both the wave functions of the n = 1 and n = 2 subbands and the energy separation hν of the two subbands are modified. The reduced spatial overlap of the two wave functions leads to a reduction of the IS transition dipole moment from d 0 = e × 2.5 nm (derived from an eight-band k · p calculation [45] 
, while the change in energy separation h ν(E) ≈ 2(d 0 E) 2 /hν 0 blueshifts the frequency of the IS transition [46] .
Because of the reduced IS dipole, one expects [46] an absorption decrease in the pump-probe experiments and-at high MIR fields-a reduced Rabi frequency. Such predictions are in sharp contrast to our data, clearly displaying an enhanced IS absorption [ Figs. 2(a) and 4] and an unchanged Rabi frequency (Fig. 3) . For a proper analysis, one has to take into account the influence of the detuning h ν(E) on the Rabi frequency, i.e., one must consider the generalized Rabi frequency hν Rabi 
. Our experiments are in the limit d 0 E/ hν 0 < 0.1, so that both the effective transition dipole moment d eff (E) ≈ d 0 and the Rabi frequency ν Rabi remain essentially unchanged. We conclude that the field-induced changes of the IS transition frequency ν(E) dominate the nonlinear response. The THz-induced blueshift of the IS transition frequency results in a phase shift of E em (t), the emitted MIR field. These phase shifts are shown in Figs. 3(g)-3(i) . For low enough MIR amplitude, i.e., outside the regime of Rabi oscillations [ Fig. 3(g) ], the phase shift increases with time, i.e., it adds up from cycle to cycle of E em (t), as expected for a blueshift of the frequency. For an analysis, we consider the IS transitions an ensemble of noninteracting two-level systems [48] and describe the light-matter interactions with the optical Bloch equations [23, 49] . In solving Eq. (1) of [23] , the total electric field, the sum of THz and MIR fields, is used. Since the frequencies of both fields are very different, both the slowly varying envelope and the rotating-wave approximations are not applicable, requiring a full solution of the Bloch equations.
Calculated phase shifts are shown in Figs. 3(j) to 3(l); they reproduce the experimental key features. Both in experiment and theory, the sign of the nonlinear phase changes exactly at the times at which absorption/gain switching occurs. The amplitudes of the calculated nonlinear phase shifts are somewhat larger than observed in the experiment [panels (g) to (i)]. The larger calculated phase shifts are probably caused by neglecting interactions with higher-lying QW levels which reduce the THz-induced phase shifts.
B. Spectrally resolved THz-pump-MIR-probe experiments
The spectrally resolved THz-pump-MIR-probe experiments give a clear signature of the THz-induced blueshift expected in the Autler-Townes picture [ Fig. 1(a) ]. In the timeintegrated detection of a pump-probe signal, the field emitted by the sample's polarization [cf. Fig. 1(c) ] interferes with the transmitted probe field on the detector. Calculated pump-probe transients are shown in Figs. 4(g) and 4(j) next to their experimental counterparts (f) and (i). The solid line in panel (g) reveals a dispersive, i.e., a spectrally asymmetric signal at delay times τ 0 being a hallmark of the blue-shifted IS resonance. In contrast, a simulation of the fully resonant situation in a 20 THz pump-20 THz probe experiment at low MIR fields shows the well-known perturbed free induction decay at τ 0, with symmetric detuning oscillations around the IS absorption resonance and a bleach signal in the center (dashed line). A THz-MIR simulation with a 2π MIR pulse [panel (j)] shows, similar to the experiment [panel (i)], a dispersive signal during the temporal overlap of THz and MIR pulses with pronounced maxima at the antinodes of the THz field.
A closer inspection of the solid line in Fig. 4(g) shows that the spectrally asymmetric signal at τ = 0 is not completely symmetric, so that the area under the positive signal (bleaching) is smaller than the area under the negative signal (induced absorption). This difference causes the THz-induced absorption observed in the spectrally integrated THz pump-MIR probe experiments [ Fig. 2(a) ] and will be discussed in the next section. Interestingly, the perturbed free induction decay extends to negative delay times of ≈−1 ps. The spectrally asymmetric signal at τ < −0.5 ps is symmetric, corresponding to a vanishing spectrally integrated absorption. In this range the THz pulse does not change the energy content in the system, as expected for an off-resonant pulse.
C. THz-induced intersubband absorption
Finally, we identify the origin of the THz-induced IS absorption observed in the spectrally integrated THz-pump-MIR-probe experiments [ Fig. 2(a) ]. Such a nonlinear absorption during the pulse overlap is expected in the limit of strong radiative coupling, in which the IS linewidth is dominated by radiative damping rather than dephasing of the IS polarization. Radiative coupling and damping phenomena occurring in our sample geometry have been discussed in detail in Ref. [24] ( Fig. 3 of this reference) .
The linear IS absorption spectrum does not allow to distinguish the following two scenarios: (i) an IS absorption linewidth dominated by radiative damping together with a long T 2 and (ii) IS absorption in the limit of weak radiative damping with a linewidth determined by the dephasing time T 2 . In contrast, nonlinear spectroscopy including the present experiment can distinguish the two cases.
To clarify this issue, we consider the time-dependent energy absorbed in the sample given by I abs (t)
0 cE em (t)E lo (t) [50] . The time integral W abs (t) = t −∞ I abs (s)ds gives the amount of energy cumulatively transferred to the sample up to the time t, with the total (irreversible) absorption given by W abs (∞). In Figs. 5 and 6 we show model calculations for low MIR fields for the two cases. To increase the visibility of the effects, the THz field amplitude in these calculations was chosen much higher than in the experiments.
For strong radiative damping (Fig. 5) , panel (a) shows the local field acting on the IS dipoles E 0 lo (t) without THz excitation. At early times, E 0 lo (t) is dominated by the incident MIR field E in (t), and at late times by the emitted electric field from the IS polarization E 0 em (t). The corresponding time-dependent absorption I abs (t) is shown in Fig. 5(b) . In the first part of the field transient E 0 lo (t), a large amount of energy is stored in the system, while a significant fraction is reemitted at later times. As a consequence, the total absorbed MIR energy W abs (∞) is distinctly less than the maximal energy stored at early times. For comparison, panel (c) also shows the modulus of the IS polarization |P (t)|, demonstrating clearly the radiative character of the energy loss during the second part of E 0 lo (t). Next, we apply additionally a Gaussian THz half cycle pulse E THz (t) [ Fig. 5(a) ] in temporal overlap with the MIR pulse, i.e., at τ = 0. The THz pulse modifies both E em (t) and E lo (t) compared to the situation without THz excitation. The THzinduced phase shift of E em (t) reduces the energy exchange I abs (t) compared to that without THz excitation [ Fig. 5(b) ]. Since the phase shift is fully developed only after the end of the THz pulse, the energy irreversibly deposited in the sample W abs (∞) is larger with THz excitation. Thus the enhanced absorption found in the spectrally integrated THz-pump-MIRprobe experiments is a hallmark of radiative coupling in the QW sample.
For comparison, we calculated the response in the limit of weak radiative coupling (Fig. 6) . In this case, THz excitation leads to a reduction of absorbed energy [panel (c)], as the THz field affects the polarization phase in the absorptive region at early times. This is in sharp contrast to the experimental observation in Fig. 2(a) .
Finally, we estimate the radiative damping rate of our sample and compare it with the experimentally observed total decay rate γ tot = (0.63 ps) −1 of the coherent polarization shown in Fig. 2(e) . The radiative damping rate can be easily estimated with the formalism developed in Ref. [43] . For our sample geometry we find a radiative damping rate of γ rad = (0.9 ps) −1 , which definitely dominates the total polarization decay experimentally observed in Fig. 2(e) . As a result we expect THz-induced absorption of resonant MIR radiation during the pulse overlap as observed in our experiment, shown in Fig. 2(a) . 
IV. CONCLUSIONS AND OUTLOOK
In conclusion, we have demonstrated a scheme of nonresonant coherent control and analyzed the underlying lightmatter interactions in detail. As a model case, linear and nonlinear intersubband excitations in n-doped semiconductor quantum wells were manipulated by a nonresonant THz field. The system's response was mapped in amplitude and phase by two-color two-dimensional THz-MIR spectroscopy. Our results demonstrate that a THz-induced frequency shift of the MIR intersubband transition is the predominant optical nonlinearity, giving rise to pronounced accumulated phase shifts in the emitted MIR electric field. This allows for control over the character of the overall response, i.e., a switching from a predominantly absorptive to emissive behavior by long THz transients of sufficient electric field amplitude. In The amplitude and phase of the second pulse at t = +0.5 ps was chosen to completely remove the coherent excitation created by the first pulse at t = −0.5 ps. Blue solid line, the off-resonant THz pulse around t = 0 leads to a phase shift of the IS polarization, resulting in an increase of the IS emission by the second pulse.
contrast to resonant control schemes, the nonresonant THz field is-apart from minor propagation effects-not altered in the process of control. We envisage applications of this scheme in optoelectronic switching and an extension of the basic concept to other systems.
As an outlook, Fig. 7 presents the behavior calculated for an off-resonant control scheme based on two resonant MIR pulses and an off-resonant THz pulse. Without the THz pulse, one observes a MIR transient reemitted by the coherent IS polarization. For a proper choice of the amplitude and phase of the second pulse at t = +0.5 ps it can completely remove the coherent excitation created by the first pulse at t = −0.5 ps. Applying additionally the off-resonant THz pulse around t = 0 changes the phase of the coherent emission generated by the first MIR pulse and results in an enhanced coherent IS emission after the second MIR pulse. Thus the off-resonant THz field controls the direction of the energy transfer between the second MIR pulse and the coherent IS excitation. An interesting aspect of this type of switching scheme is that there is no irreversible energy transfer between the off-resonant THz pulse and the quantum mechanical two-level system, i.e., the coherent IS excitation is switched in a "lossless" way.
